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This invention employs & novel approach 
Co the copper metallization of a workpiece, £uch 
as a semiconductor worlcpiecB. In acconlanec 
wiih the mvcntfon, an alXalinc clccirolytic cop- 
pci' bach (35) Is uted to electroplate copper onio 
a seed layer (30), elccrropJqtc copper dirtcdy 
Onto a barrier layer matcriaK or enhance an 
ulira-thhi copper seed layer which has been 
dcposlDSd on the banicr layer using a deposi- 
tion procfiw such an PVD. The resuldng cop- 
per layer providns «n exoeilcnt conformal cop. 
per coatfng that flite trencbcs, vlafi, and other 
micimcrwiurea In die worfcpiaceu When used 
for seed layer enhancement, the reaumng cop- 
per seed layer |Hx>yidcs an ezcellenc confovmal 
csopper coating that allows the mlctxttmicnues 
DO be filled with a copper layer having good unf- 
foimity using eleclrochemical deposition tech- 
ninucs. Fuithar, copper layens thai arc dec- 
troplaied in the disclosed manner exhibit low 
ffheei resistance and are readily annealed at low 
lemperatuits. 
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TITLE OF THE INVENTION 



BACKGROUND OF TEffi INVENTION 
In the ftbrication of nriaoelectroaic devices, application of one or n.o« 
inetalli2ationl.yen;»softenani„q,ortant«^inthcove«llf^ ^ 
metallization may be uaed in the fonnation of discrete microelectronic components, 
s-ch as rcad^^te heads, but it is ««« often u.ed to interconnect components 
fbimed on a woricpiecc, such as a semiconductor wori^iece. For example, such 
stnictures aie used to fatercomwct the devices of an iate^^ 

A basic understanding of cenato tcnns herein will assist the reader in 
mKlerstandingthedisdosedsubJeamatter. To this end. basic definitions of certain 
terms, as used in the present disdosmc, aie set forth bdow. 

Mflainrmtnn Inyr] is defined as a composite level of a 
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worltpiece that is exrerior lo the substiaie. TTie composite level comprises 
one or more metal structures. 

2ubsti3le Is defined as a base layer of material over which one or 
more meiallizatiofl levds are disposed. The substrate may be. for example, 
a semioMKluctor wafer, a ceramic blo(*, etc. 

Wnrifpif iS B is defined as an object that at least comprises a substrate, 
and may incbide further layeis of material or manufi»;tiinsd componenis. such 
as one or more metallization levels, diqiosed on the substrate. 
An intesraled circuit is an iatercomiected ensemble of devices fonned within 
a semiconductor material and within a dielectric material that overlies a sur&ce of 
the semiconductor. Devices which may be £>imed within the semiconductor include 
MOS transistois. bipolar tnmsistDn. diodes and diffiiscd resistors. Devices which 
may be fonned within the dielectric include thin-fihn resistors and capadtois. 
IVpically, more than 100 integrated circuit die aC chips) m constructed on a single 
8 inch diameter sificon wafer. He devices utilized in each dice are intcreonnected 
by conductor paths formed within the dielectric Typically, two or more levels of 
conductor paths, with Bueeessive levels separated by a dielectric layer, aie employed 
as interconnections. In cuirem practice, an aluminum aUoy and silicon oxide are 
typically used for, respectively, the conductor and dielectric. 

Delays in propagation of electrical signals between devices on a single die 
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linut the p«fonnadce of integrated ciicui s. More partculariy, these delays limit the 
speed at which an integrated circuit may process these electrical signals. Lai^er 
propagation delays reduce the speed at wlrich the integmted ciicuir may process the 
dectrical signals. whilcsmallerpropagationdel^incieaselhis speed. Accorfingly. 
integrated eircuit manuftctuiers seek i„ which to reduce the propagation 
delays. 

For each interconnect path, signal p ropagation delay may be characterized by 
a time delay t. Sec Stevens. Intercor n^ct Technoh^^ QMC, Inc.. July 1993. 
Anq^roximaleexpressionforthetimedehy,^ it relates to the tran^nission of a 
signal between transistors on an integrated (fiicuit is given below. 

T =RC[ 1+(Vsat//RIsat)] 



In this equation, R and C are, 
capacitance for the interconnect path anc 
saturation (maximum) current and the 
owem saturation for the transistor that applii 
path resi^ance is proportional to the 
path capacitance is proportional to the 
dielectric material. A small value of x 



respectively, 



drain- 



resisti^dtyj 



an equivalent resistance and 
IsAT and VsAT are, respectively, the 
to-5oiirce potential at the onset of 
e$ a signal to the interconnect path. The 
ity, p, of the conductor material. The 
dielectric pamittivity, K^, of the 
that the interconnect line carry a 



reUkive 



requires 
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current density sufiBciently large to 
therefore, thai a low-p conductor which 
Kc dielectric must be utilized in the 

ciicuits. 

To meet the foregoing criterion, 
dielectric will likely replace alunmram 
the most prefisrred imereonneci stmcture. 
Follow". Semiconduaor Intematioml, 
copper fihns are in the range of 1.7 to 2 
fflms are in the range of 3.0 to 3.5 p£5cm. 

Despite the advantageous propertieL 
twed 83 an intCTconnect material as one 
the difficulty of depositing copper metalliza|ion 
presence of bairicr layer materials. The 
tendency of copper to difiuse into 
characteristics of the semiconductor devices 
made of; for example, tttanium nitride, 
silicon junctions and any intmrening layeta 
prevent such dif&sion. 

A number of precesses fer applying 



copper interconnect Mnes witiiin a low-K, 
hnes within a silicon oxide dielectric as 
See "Copper Goes Mainstream: Low-k to 
1997. pp. 67-70. Resistivities of 
fiiicra.; resistivities of aluminum-alloy 



need 



silidon 



tantalum 
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the ratio Vsat//RIsat small It follows 
carry a high cuitent density and a low- 
of high-perfoimance integrated 



of copper, it has not been as widely 
1 expect This is due, at least in part, to 
and, further, due to the need for the 
for a barrier layer arises from the 
junctions and alter the electrical 
formed in the substrate. Barrier layers 
nitride, etc., must be laid over die 
nior to depositing a layer of copper to 



copper metallization to semiconductor 
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woikpieces have been developed in recetit 
vapor deposition (CVD), in which a thin 
hamer layer by thermal decomposition 
compositions. A CVD process can ttsu. 
variety of topological profiles, but such 
implement an ratiie metallization layer. 

Another known technique, physical 
deposit copper on the banier layer with 
CVD processes. One disadvantage of PVD 
poor (non-confbrmal) $tq> coverage when 
and trenches, diq)osed in the surface of the 
such ncMKonfoimal coverage results in 
especially on the sidewalls of trenches in the 

Inadequate deposition of a PVD 
interconnect line in the plane of a 
illustrated, the upper portion of the trench 
adequate amount of copper has been 
trench, lUs result in an open void region 
metallization line to cany the electrical 

Electrochemical deposition of copper 



years. One such process is chemical 
cbpper fihn is formed on the surface of the 
and/or reaction of gas phase copper 
t in conibrmal copper coverage over a 
processes are e^qjensive when used to 



relatively \ 



metallization 



deposited 



tiat 



I Signals 
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vapor deposition (PVD), can readily 
good adhesion when compared to 
processes, however, is that they result in 
ibed to fill microstmctures, such as vias 
iiemiconductorwor]q>iece. For example, 
copper deposition at the bottom and 
semiconductor devices. 

layer into a trench to form an 
layer is illustrated in Fig. 1 . As 
is effectively '^inched ofT before an 
within the lower portions of the 
seriously impacts the ability of the 
for which it was designed, 
has been fbund to provide the most 



less 



cjppcr 
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cost^efFectivcmaimerinwlu(*todeposhacoppermetalI^^ Inadditionto 
bdng ecoaomicaUy viable, such deposition techniques provide substantially 
confennal copper films that are mechanically and electrically suitable for 
imen»>iinect structures. These techniques, however, are generally only suitable for 
applying copper to an electrically conductive layer. As such, an underlying 
conductive seed layer is generally appMed to the woikpiece before it is subject to an 
electrochetnical deposition process. Techniques for eicctrodcposition of copper on a 
barrier layer material have not hoetoforebeen oonunercially viable. 

The present inventon: have recognized that there exists a need to provide 
copper metallization piocessmg techniques thai 1) provide confennal copper 
coverage with adequate adhesion to the banier ivyer, 2) provide adequate deposition 
^eeds, and 3) are oonunercially viable. These needs are met by the apparatus and 
processes of die present invention as described below. 
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BRIEF SUMMARY OF THE INVENTION 
This invention employs a novel approach lo the copper metallization of a 
woikpiece, such as a semiconductor woiiq)iece. In accordance with the invention, an 
alkaline electrolytic copper bath is used to electroplate copper onto a seed layer, 
electroplate copper directly onto a barrier layer material, or enhance an ultra-fliin 
copper seed layer which has been deposited on the hairier layer using a deposition 
process such as PVD. The resulting copper layer provides an exceUent confonnal 
copper coating that fills trendies, vias, and other microstiuctures in the wotkpiece. 
When used for seed layer enhancement, the resultiiig copper seed layer provide an 
exceUeni confomal copper coating that allows the miorosmictures to be filled with a 
copper layer having good naifonnity uang eleetrochenieal d^ltion techniques. 
Further, copper layers that are electroplated in the disclosed nwnner exhibit low 
sheet resistance and are readily annealed at low t^i^oatuies. 

The disclosed process, as noted above, is applicable to a wide range of steps 
used in the maniifiunuro of a metallization layer in a woikpiece. The woikpiece may, 
for example, be a semicondactor woricplece that is processed to fyna integrated 
circuits or oflier miaoelectranic canqxmems. Wthout limitation as to tfie 
applicability of the disclosed invention, a process for enhancing a seed layer is 
described. 

A iRDcess for flying a metallization interconnect stnitture to a woikpiece 
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having a barrier layer deposited on a swfece thereof is also set fonh. The process 
includes the fonning of « ultra^hin metal seed layer on the barrier layer. The ultra- 
thin seed layer has a thickness of less than or equal to about 500 Angstroms and may 
be formed fiom any material thai can serve as a seed l^er for subsequent metal 
deposition. Such metals include, for example, copper, copper alloys, ahmrinum. 
almnimmi alloys, ^ckel, nickel alloys, etc.. The ultra-ihin seed layer is then 
enhanced by depositing additional metal thcwon in a sepanrte deposition «ep to 
provide an enhanced seed layer that is «ntable for use in a primaiy metal deposition. 
The enhanced seed layer has a thickness at all points on sidewalls of substantiaUy all 
recessed features distributed ^thin the woriq,iece that is equal to or greaier than 
about 10% of the nommal seed layer thickness over an exterioriy disposed surface of 
thewoiiqriece. 

In accordance with a specific embodiment of the process, a copper- 
containing metallization intercom«»ct stnicttue is foimed. To this end. the ultra-ifain 
seed layer is enhanced by subjecting the semiconductor woricpiece to an 
electrochemical copper deposition process in which an alkaline bath having a 
complexing agent is employed. THe copper complering agent may be at least one 
cotnplexing agent selected fiom a group consisting of EDTA. ED. and a 
polycarboxylic acid such as cittic acid or salts thereof 

Various plating bath compositions suitable for blanket plating, fill-plaring of 
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recessed nucro-stractiires, snd seed layer entaancement plating are also set forth. A 
prefcired solution for electroplating copper for seed layer enhancement comprises 
copper siUfete. boric acid, and a conqilexing agent. The complexing ag^t is 
preferably selected fnm the group consisline of ED, EDTA, and a polycarboxylic 
add, such as citric add. This solution is also suitable fiir blanket plating and fill- 
plating of recessed micny-simctures. 

A plating sohition diat inqnoves the resistivity of *e resulting copper fibn is 
also set forth. The platmg solution preferably comprises copper sulfite, ammonium 
sulfate, and ethylene glycol. This solution is also suitable for blanket plating and fili- 
piating of recessed niicro-structures. 
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BRIEF DESCRIPnON OF THE SEVERAL 
VIEWS OF THE DRAWINGS 



FiS. 1 is a doss-sectional view illustati,^ an inteiconnect line fo^ed 
coniplelely by PVD copper. 

Figs.2A-2E "ecross^sectioaal views through a semiconductor woripiece 
«lust,«i„g the various layers of material a, th^ axe applied in acconhuxce wiu. o„. 
embodiment of the present invention. 

Fig. 3 is a schematic rep««entation of an apparatus suitable for enhancing 
an ultra-thin seed layer. 

Fig, 4A is a graph illustrating the cunenupotential curves of a plating 
«otatio„usingapolycariK,xyhc add. such ascitricacid.asacomplex^ 

Kg- 4B a graph iUustrating the cui«nt-potential curves of a plating solution 
usingEDTA, an amine^taining plating aototion. as the complexing agent. 

fifr 4C is a graph of sheet resistance change with annealing tempemnue for 
copper fihns deposited fton, a bath sohdion with and without anunonium sulfite. 

Fig. 4D is a graph illustrating p,ath.g solution conductivity as a function of 
eftyiene glycol concentr«ion in collating solutions with and without ammoniun, 
sul&te. 

Fig. 5 is a scanmng eletn,micrograph photogniph iUustxating an uln^thin 
seed layer. 



^ lD/10/2003 09:03 FAX 6174394170 

WOW/47731 



EDWARDS ANGELL 



PCTAJS99/063W 



12)014 



Fig. 6A is a scanning eletromicrDgraph photograph illustrating an ultra-thin 
seed layer that has been enhanced in a citric acid bath. 

Fig. 6B is a scanning eletromietograph photograph illustianng an ultra-thin 
seed layer that has been enhanced in an EDTA bath. 

Fig. 7 is a schematic representation of a section of a semiconductor 
manu&cturing line suitable for implementing the disclosed seed layer enhancement 
stqps. 
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DETAILED DESCRIPTION OF THE INVENTION 
This invention employs a novel approach to applying copper metallization to 
a workpiecc, such as a semiconductor woikpiece. In accordance with die inventionp 
an aUealine elecvolydc copper ba& is used to electroplate copper onto a seed layer, 
electroplate copper direcdy onto a barrier layer material, or enhance an ultra-diin 
copper seed layer which has been dqjosiied on die hairier layer using a deposition 
process sttdi as PVD. Additionally, a method for applying a metallization layer will 
be disclosed. Although tfie disclosed method may be used in connection with a 
substantial numbw of different metal compositions, the specific embodiment 
disclosed herein is directed to the aiqylication of a copper-containing metallization 
layer. To this end, an alkaline electrolytic copper baih is used to enhance an ultxa- 
fliin copper seed layer which has been d^osited on a bazrier layer using a deposition 
process such as PVD. The enhanced copper seed layer provides an cxcellmt 
confonnal copper coating thai allows trenches and vias to be subsequendy filled with 
a copper lays- havii^ good unifonnity using electrochemical deposition techniques. 

A cross-sectional view of a micro-stracture, such as trench 5, that is to be 
filled with copper metallization is illustrated in Fig. 2A and will be used to to 
describe the seed layer enhancement aspects of the present invention. As shown, a 
thm hairier layer 10 o£ for aample, titanium nitride or tantalum nitride is deposited 
over the sur£u:e of a semiconductor device or, as illustraied in Fig. 2A, over a layer 
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of a dielectric 8. such as silieon di«dde. The barrier layer 10 act. to prevent the 
nrignrtion of copper to any aemiconductor device fanned in the substrate. Any of the 
various bioMoi techniques, such as CVD or PVD, can be used to deposit th.^ barrier 
layer dq,ending on the particular banier materia] being used. Preferably, the 
thickness for the banier layer is approjcimately 100 to 300 Angstroms. 

After the deposition of the barrier layer, an ulcta-thin copper seed layer 15 is 
deposited on the bairicr layer 10. The lesuldng smictui« is illustrated in Fig. 2B. 
ft«fe«bly, the copper seed layer 15 is formed using a vapor dq»sition technique, 
such as CVD or PVD. In order to have adequate adhesion and copper covemge. a 
relativdythick(1000Aagstrom8)c<q,perseedlayerisusuaUyre^ Suchatbick 
seed layer leads to problems with dose^ff of small geemetiy trenches, however, 
when a PVD deposition process is employed for applying the seed layer. 

Comraiy to traditional thoughts regarding seed layer application, the copper 
seed liQrer 15 of the iUustntted embodiment is uftra-thin. having a lirictoess of about 
50 to about 500 Angstroms, preferably about 100 to about 250 Angstrtma. and most 
preferably about 200 AngsHoms. The uhra-thm copper seed layer can be deposited 
using a CVD or a PVD process, or a combination of both. PVD is the prcfened 
applicetion process, however, because it can readily deposit copper on the barrier 
l^ye. 10 with relatively good adhesion. By depositir« an ultr^-thin seed Uyer of 
copper, rather than the relatively thick seed layer used in the prior art. pimAing off of 
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tbc traicbes can be avoided. 

The use of an uhia-diin seed layer IS generally iaxrodiices its own set of 
problems. One of the most significant of these problems is the fact that such ultta- 
thin layers do not genaaily coat flte hairier layer 10 in a uaifoim manner. Rather, 
voids or non-contiauous seed layer regions on the sidewalls, such as at 20, are often 
present in an ultra-fliin seed layer 15 thereby resulting in Qie inability to properly 
apply 8 subsequent eleettochemicaUy deposited copper layer in the regions 20. 
Funher, ultra-thin seed layers tend to include spikes, such as at 21. that impact the 
unifiMmity of the subsequrait electrolyticaUy deposited metal U^er. Such spikes 21 
result in bish potential r^ons at which die copper dqwsits at a higher rate than at 
other, more level regioiu. As such, the seed layer 15 is not flilly suitable for the 
traditional electrcq)laiing techniques typically used after application of a seed 1^. 

The present inventors have £9und that an uftre-tfain seed layer can be 
envloyed if it is comUned with a subsequent dectiocheinical seed layer 
enhancement technique. To Ois end, the semiconductor woricpiece is subject to a 
subsequent process step in which a liirtbw amount of copper 18 is ^lied to tiie 
nUra-thin seed layer to therein enhance the seed layer. A seed layer enhanced by the 
additional deposition of copper is illustrated in Fig. 2C. As shown in Fig. 2C, the 
void or non-continuous regions 20 of Fig. 2B have been filled thereby leaving 
substantially aU of the banier layer 1 0 covered with copper. 
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Preferably, the seed layer enhancement process continues «Dti] a sidovall 
stepc<«.enige,i.e..AeratioofthesccdlaycrtM<*ness^ 

22 to the nooUnal thickness of the seed layer at the extenoriy disposed side 23 of 
tfac woricpiece.achieve.avalueofatleastlO%. More p^ferably. the sidewall sl«p 
covetageisatleastaboutaO-/. Such sidewall step coverage values are present i« 
»bstanti«Ily dl of the «cessed st«ct„res of the semiconductor worlcpiece. It will be 
recognized, however, that ocrtain recessed structures distributed within the 
swiicondnctor worlcpiece may not „«d, these sidewall step coverage values. For 
exampl., such structures disposed at the peripheral edges of a semiconductor wafer 
maynotreach these step cove«ge values. Sinrilarly. defects or contanunants at the 
situs of certain recessed structures ,nv pnnrent them 
coverBgevalues.H^e nominal thickness of the enhanced seed l^er at the exteriorly 
disposed Side of the wotkpiece is preferably in the „«ge of 500 angstroms 1600 

Ahhough the embodiment of the process disclosed herein is described in 
comiection ^th copper mcallizatioa, it is understood that the basic principle of the 
enhancement of an ultra-thin seed layer prior to the bulk deposition thc«of can be 

^HedtoothermetalsoraDoysthataiecapableofbdngelectroplated Suchmetals 
include iron, nickel, cobalt, zinc, copper^ ^ekel-iron. cobalt-iion. etc. 

A schematic n^««ation of an appa«tus 25 suitable for enhancing the 
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ulwt-thin copper seed layer is Ulustated in Fig. 3. It will be recognized that this 
apparatus is also suitable &r applying a bhwket plating layer and/or &ll-fiU plating 
of recessed nricro-stnictures As shown, a semiconductor woricpiece. such as a 
semiconductor wafer 30. ia positioned fece down in a bath 35 of electroplating 
solution. One or more contacu 40 are provided to connect the wafer 30 to a plating 
power supply 45 as a cathode of an electroplating cell. An anode 50 is disposed in 
the batti 35 and is connected to the plating power supply 45. Preferably, a difRiser 55 
is disposed between the anode 50 and the wafei/cathodc 30. The wafer 30 may be 
rotated about axis 60 during the enhancement process. Anode 50 may be provided 
with a didectric shield 65 at a backside thereof which feces an incoming stream of 
plating bath fluid. 

As noted abov^ certain aspects of the present invention relate to new and 
vsefiil plating solutions. These sotatlons can be used fiw blanket plating, fliU-fill of 
the recessed micro-stiuctures. seed layer eiihanccment. etc. The piefeited electrolytic 
bath solution for enhancing the seed layer is an alkaline copper bath in which copper 
ions are oomplexed with a complcxing agent A preferred composition and range of 
concentrations for the vaiious components of the plating bath include the following: 

1 . Copper sulfate: 0.03M to 0.2SM (preferably, 0.04); 

2. Complcxing agent: complex to metal ratios flora 1 to 4, preferably 2; 

3. Boric acid: O.OIM 10 03M, preferably 0.05M; and 
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4. pH: 5 -13, preferably 

A preferred suurcc of copper ions is copper aulfote (CuSO^), The 
eoncentration of copper sulfate in the hath U preferably within ihe range of 0.03 to 
0.25.M. and ir more preferably about 0.1 M. 

Complexing ag^ts that are suitable for use in the present mveniion ftom a 
stable ooxnplex with copper ions and prevent the precipitation of copper hydroxide. 
Ethylene diamine teTracEtic acid (EDTA), ethylene diamine (ED), citric acid, and 
their salts have been feuod to be parflcuiariy suitable copper complrong j^gems. 
Hie molar ratio of complexing agent to copper Kii^fiitt in the bath is prefmbly within 
the range of ) tn 4, and is preferably about 2. Such complexing agents can be used 
alone, In combinatioo with one another, or in combination with nnc or more ftother 
complexiog agents. 

The clcntrolytic baih is preferably maintamed at a pH of at least 9.0. 
Potassium hydroxide^ ammonium hydroxide, tcnramcthylammonium hydroxide, or 
sodium hydroxide is utilized to adjust and maintain the pH at the desired level of 9.0 
or above. A priefbned pH for a citric add or ED bdh is about 9.5, while a piefcrmJ 
pH fbr an EDTA bath is about 12»5. As noted above; thr complexing agent assists in 
preventing the copper ftom prcripitating at the high pH level, 

AddidonaJ components can be added to the alkaline copper baih. For 
exanq>le^ boric acid (H3BO3) aids in maintaining the pH at 9.5 when citric acid or ED 
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is used a$ the compLexing agent, and provides brighter copp^ deposits wlien added 
to on electrolytic bath contaimng EDTA as the camplexing agent. If boric acid 19 
added* its conceniraiion in the bath is preferably within the rttngc of 0,01 tn 0^ M. 

In general, the temperature of the bath can hr wirhin tiie range of 20 to 35'C, 
with 25^C beinfi s picficrred tcmpcnmiTB. The cuirent density for elecirolytically 
depositing cnpiw to enhance the copper seed layer can be 1 to 5 miUiamps/cm\ 
while a plating time of about 1 to about 5 minutes is sufificieni lo enhance the copper 
deed layer. The plating wavcfonn may be, Ibr example, a forward periodic pulse 
haying a period of ^. msec at a 50% duly cycle. 

An amine fee acid coraplexin^ agent, fisr example:, a polycaiboicylic acid, 
such as citric acid, and aalto thereof is preferable to the use of BDTA or ED. EDTA 
end ED include amine groups. These Amine groups often nnnain on the jsmface of 
semiconductor woilcpiece after rinsing and rfrying of the wafer. Subsequent 
processes, particularly jnirJi processes as photolithogiaphio processes, may be 
corrupted by die reactionB resultmg fim the presence of these amine groups. Ihe 
amine gzoi^ may, for example, interfere with the chemical reactions associated with 
th eexpoaing and/or curing of photoresiEt materials. As such» amine fhr 
coiTq)1exing agents are particularly suitable in processes m wbidh a photolithographic 
process follows an eleotrod^ositionpmrcss. 

A further aiHantage of using a polycarboxylio acid, such as citric add. stems 
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fiom the feet that the magmtiide of the voltage potential at which the copper is plated 
is greater than the magnitude of the voltage potential at which the copper is plated in 
a bath containing EDTA. Ms is illustrated in Figs. 4a and 4B where Fig. 4A is a 
cmient-potential graph for a citric acid bath, end Fig. 4B is a cmient-potential graph 
for an EDTA bath. Electioptating takes place at the vohage where the coiresponding 
current increases abruptly. This plating voltage is lefened to as the deposition 
potential, which is approximately -125 volts as shown in Fig. 4A for a bath 
employing citric acid as the complexing agent, and is appioxmiately -10 volts as 
shown in Fig. 4B for a balh employing EDTA as the complexing agent The current 
peaks (70 70- for the a bath ceotaining a citric add, and 72. 72' for the bath 
containing the EDTA) are the Ihniting currents which arc mainly det«mined by 
mass transfer and the concentration of copper ions in the plating solutions. As 
iUustrated. the magnitude of the cmrent and the particular plating potential is 
sUghUy dcpendem on the stibsttBte material. The difSmnt sabsnate results are 
iUustmted m Figs. 4A and 4B. whem 70 and 72 are the curves for a copper substrate 
material, and 70' and 72' are curves for a copper substrate material comprised of 
copper with a oo|>per cnde coating. It is noted dut additional peaks occur on 
oxidized copper in the same electrolytes. Tl»ese peaks arc related to the 
electrochemical reduction of copper oxide to metallic copper before the alkaline 
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It is believed that a copper layer plated at a higher pladng potential in an 
alkaline bath provides sreater adhesion to the underlying baoier layer than a copper 
layer plated at a lower plating potential in an acid bath. For copper to adhere to the 
baiTier material, it is thought that copper ions must impinge on the banier sm&ce 
widi su£Scient eneigy to penetrate a Qiin oxidized or coataminated layer at the 
banier sui&ce. It is therefore beHeved Uiat a copper l^er deposited at a higher 
magnitude plating potential adhere is better to die exposed banier layer during the 
plating process when compared to a tayer plated using a smaller magnitude plating 
potential. This factor, combined widi the inter^oppcr chemical bond between the 
PVD copper and the electrodiemicaUy dq>osited copper ptovides for an enhanced 
seed layer baviqg exoellent electrical as well as bairier adhesion propeitics. Such 
Gharuteristics are also desirable for fibns used in blanket plating, full-ffli plating, 
pattern plating, etc. 

It has been found that the resistivity of the deposited copper £lm is directly 
related to the resisdvity of the plating bath sohition. Additives that assist in lowering 
the resistivity of the solution therefore provide a coiresponding lednction in die 
resistivity of the dqiosited film. 

fivaimenial results indicate diat addition of ammonium sulfate 
significantly reduces the resistivity of die plating bad* solution and. as such, die 
deposited fibn. The sheet resistance obtained for diffcrent amounts of ammonium 
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sulfate are compared in the graph Fig. 4C. As can be seen, the highest sheet 
lesistance. either with or without annealing at high temperatures, was obtained in the 
bath containing no ammonium sulfete. If ammonium hydroxide was used to adjust 
pH in which a trace amount of ammonium sulfate is introduced to the bath, the sheet 
resistance was reduced fiom 76 to 23. As the concentration of ammonium sulfate 
increased flom 0.1 M to 0.5 M, the sheet resistance continuously decreased in a 
corresponding manner. 

Although ammonium sol&te assists in reducing the sheet resistance of the 
deposited copper layer, experimental msuhs indicate that it reduces the confoimality 
of the resulting copper fibn. However, die addition of ethylene glycol to the 
anmionium sulfate eontaiiiing solution substantiaUy increases the ccmfonnality of the 
resulting deposit Figure 4D Utastndes the relationship between the concentration of 
ethylene glycol and the conductivity of a platii^ sohition containing 0.2M the of 
ammonium sulfate. 

A prefeued composition and range of concentrations for the various 
components of a plating bath having ammonium sulfate include the following: 

1 . Copper sulfate: 0.03M to 0.5M (preferably. 02SM); 

2. Complexing ageu: complex to metal xados ftom 1 to 4. preferably 2 using ED; 

3. Ammonium sulfate: O.OIM to 0.5M. preferably 0.3M; and 

4. Boiic acid: 0.00 to 0.5M, prefeaably 02M. 
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As noted above, such a bath composition can be used ibr blanket plating, pattern 
plating. foU-fiU plating, and seed layer enhancement 

With reference again to the specific seed layer enhanced aspects of the 
present invention, the enhanced seed layer of Fig. 2C is suitable for subsequent 
electTDchemical copper deposition. This subsequent copper deposition may take 
Place in an alkaline bath within the appandiis employed to enhance the seed layer. 
This may be followed by a low-tempenaure amieaUng process that assists in 
lowering the resiativity of the deposited copper. Such a low-temperaturo annealing 
process preferably takes place at a temperature below about the 250 degrees Celsius 
and, more preferably, below about 100 degrees Celsius. When a low-K dielectric 
material is employed to isolate fte copper stiuctures. a» upper annealing 
tempeiatnre Ihnit should be chosen to be below the dcgradaiioh tcmperanire of the 
dielectric mat.^a } 

Although Hit finegoing alkaline bath compositions may be used fcr the entire 
dectrochemical deposition process, subsequent copper deposition may take place in 
an acid environment where plating rates are substantially higher than coixeaponding 
nrtcs associated with alkaline platias baths. To this end, the semiconductor 
^•^ece is prefiaably transfeired id an apparatus wherein the woritpiece is 
thoroughly rinsed with ddonized water and then transfared to an apparatus similar 
to that of Fig. 3 wherein the plating bath is acidic. For example, one suitable copper 
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bath comprises 170 g/1 HjSO^. 17 gfl copper and 70 ppm Chloride ions tvith organic 
additives. The oisanic additives are not absolutely necessary to the plating reaction. 
Rather, the organic additives may be used to produce desired film chancteristics and 
provide better filling of the recessed stiuctures on the wafer surface. The organic 
additives may include levelers. brigfateneni. wetting agents and ductility enhances. It 
is during this dqiosition process that the traich 5 is substantially filled with a fimher 
layer of electrochemically deposited copper 22. The resulting filled cross-section is 
iUustiated in Fig. 2D. After being filled in this manner, the bairier layer and the 
copper layers disposed above the tnaich are removed using any suitable process 
thereby leaving only the trench 5 with the copper metallization and associated barrier 
material as shown in Fig. 2E 

Use of an alkaline electrolytic badi to enhance the copper seed layer has 
particular advantages over utilizing acid copper batfas without seed layer 
enhancement. After deposition of the PVD copper seed layer, tiie copper seed layer 
is typically exposed lo an oxygen^ontaining environment Oxygen readily converts 
metaUic copper to copper oxide. If an acid copper bath is used to plate copper onto 
the seed layer after estposure of the seed Ittyer to an oxygen containing enviionment. 
the add copper bath would dissolve copper oxide that had formed, resulting in voids 
in the seed layer and poor unifiamity of the copper layer deposited on the seed layer. 
Use of an alkaline copper bath in accordance with the disclosed embodiment avoids 
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the problem by advantageously reducing any copper oxide at the surface of the seed 
layer to metallic copper. Another advantage of the alkaline copper bath is that the 
plated copper has much better adhesion to the baxrier layer than that plated fiom an 
acid copper bath. Additional advantages of the seed layer enhancement aspects of 
the present invention can be seen from the following Example. 

EXAMPLE 1 

Comparison of Acid Copper Plating 

With and Without Seed Layer Enhancemmt 

S^conductor Tvafers 1, 2 and 3 were each coated with a 200 Angstrom PVD 

copper seed layer In accordance with the present invention, wafers 1 and 2 had seed 

layer enhancement from citric acid and EDTA baths, ttspeotively, the compositions 

of which are set forth below: 

Ba j)i for Wafer ! : OA M Cu SO^ + Qiric acid + 0.05 M H3BO3 in D.L water 
at pH 9,5, temperature 25^C. 

BaihforWafer2 : 0.1 M Cu SO^ + 0.2 M EDTA acid + 0.05 H3BO3 in D.I. water at 
pH 12.5, temperature 2S''C. 

Wafer 3 did not have any seed layer enhancement 

The three wafers were then plated with a LS micron copper layer from an 

acid copper ba& under identical conditions. The following Table compares tiie 
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umfimnitie$, as deduced fiom sheet resistance measurements, of the three wafers 
after the deposition of a copper layer having a nominal thickness of 1 .5 microns. 

TABLE 1 

Non-unifoimity 

]&EafiS£ Enhancement (Current Standard deviation 



1 


Citrate 


3 nun. 


at 7321 










2 


EDTA 


3 min. 


at 6J33 






2inA/cm^ 




3 


None 


0 


46.10 



As can be seen fiom the results in Table 1 above, seed layer enhancement in 
aocordanoe with the diselosed imeess provides excellent umfoxmity (6 to 7%) 
compared to that without seed layer enhancement (46%). This is consistent with 
observations during visual examination of the wafer after 1.5 micnsn electroplated 
copper had been dqx>sited. Sudi visual examination of the wafer revealed the 
presence of defects at wafer electrode contact points on the wafer without seed layer 
enhancement. 

Figs. 5, 6A and 6B are photO£rq)hs taken using a SEM. In Fig. 5^ an ultra- 
thin seed layer has been deposited on the surface of a semiconductor wafer» 
including mido^stmctures, such as trenches 85. As shown, void regions are present 
at the lower comers of the trmches. In Fig. 6A« the seed layer has been enhanced in 
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ihe nunner described above in a bath containmg citric add as the complexins a«ent. 

This enhancement resulted in a confonna] copper seed layer that is very suited for 

snbsequent electrochemical deposition of copper metallization. 

Fig. 6B iUvstrates a seed layer that has been enhanced in a bath containing 

EDTA as the complexing agent Thu resulting seed layer inchldes lai^er grain sizes 
thai project as spikes from the sidewalls of the trenches. TTiese sidewall gran 
projections make subsequent electrochemical deposition filling of the tranches more 
difficult aince they locaBze a higher plating latc lesultmg hi non-unifennity of the 
subsequent electrochemical deposition. This effect is particularly noticeable in 
recessed micto-stmctures having small dimemdons. As such, a complexing agent 
such as diric add is mow prefendile when filling small micro-smictoies. Results 
oompaiHble fbr copper baths contaimng dtric acid have also been achieved using ED 
as the complexing agent 

Fig. 7 is a sdiematic itpresentation of a section of a semiconductor 
mamifecturing line 90 suitable fer hnplementmg fte foregoii« processes. The line 
90 includes a vapor deposition tool or tool set 95 and an electrochemical copper 
depodtion tool or tool set 100, Transfer of wafeis bet.^ the toolsAool sets 95 and 
100 may be implemented mamially or through an automated nansfer mechanism 
105. I^erably, automated transfcrmechanism 105 transfbsworiqriece^ 
dmilar envinmment AltemaUvely. the transfer mechanism 105 may transfer wafeia 
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individually or in an open canier thn>ugh a clean aimospher. joining the tools^] 
sets. 

In operation, vapor deposition tooWool set 95 is utUized to apply an ultre-thin 
copper seed layer over ai least portions of semiconductor woiipieces that 
processed on line 90. Preferably, this is done ,«ing a PVD application process. 
Woikpieces vath the ultni^thin seed layer aie then transferred to tool/tool set 100, 
either individually orm batches, where they are subject to elect„,ch«Bical seed layer' 
«=nhaacementat. for cxsinple, processing station 110. ftocessing stadon llOmaybe 
constructed in the „»nner set ftrth in Fig. 3. After enhancement is completed, the 
woikpieces a« subjett to a fiUl electrochemical deposition process m wfaieh copper 
metallization is appUed to the woriqriece to a desired intetconnect metalKzati, 
tWdmess. ™slatterpn)cessmaytakeplaceatstationHO.butpteferably 
ferther processing station 115 which deposits the copper metallization in the 
presence of an addic plating bath. Before transfer to station 115, the workpiece is 
P^ly rinsed inDI water at station 112. Transferofthe wafers between stations 
no. 112, and 115 may be autooiated by a wafer comreyi,^ system 120. Tl,e 
electrochemical dq,ositia„ tool set 100 may be implememed using, for example, an 

LT-210™ model oranapnnox'^ ">ode« Plating tool available from Semitool Inc.. 
ofKa]ispeIl.Mr. 

Numerous modifications may be made to the foregoing system without 



ion 
occurs at 
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dep«ting fiom the basic teachings thcrtof. Although the present mvention has been 
described in substantial detail with reference to one or specific embodiments, 
those of skill in the art wiU recognize that changes xnay be made thereto without 
departing fron. the scope and apint of the invention a, set forth in the appended 
claim 
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CLAIMS 

1 . A process for applying a metal «nicture to a woricpiece comprising the step of 
electroplating a copper layer onto a siaface of the woikpiece using an 
electroplating bath compri«ag copper «Uf«e. ^oniua, sulfate, a complexiag 
agent, and ethylene glycol. 

2. Aprooessassetfi^inclaimlwhereinthedectnvlatiagbathfto^^ 
comprises bono adi 

3. Apn,ces8assetfer.l,iad.im 2 wherdnthecomplamg^tis sdectcdfiom 
the gioup coiaisling of ED, EDTA. and a polycaiboxylic acid. 

4. AP"CC«for«wlyi„gametalstmctureto.woi*piececonqm^ 
eleotnvlatiiig a 001^ ky„ onto a snrfece of fte w«dq.icce usi^ 
electroplating batli comprising copper sulfite, boric acid, and a complexiflg 
agent 

5. ApfocessassetfiWhinclaim4whe«mtheconiplexingagentisselected&^ 
the sn>up consisting of ED. EDTA. and a polycaboxylic add. 
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6. Apn)cessassctforthinclaiin4whcrdnthew^^ 

7. Aprocessforapplyingametallizationin^^ 

wotkpiece including a banier layer deposited on a surface ther^£ the process 
comprising the steps of: 

(a) forming ultra-thin metal seed layer on the baiier li^^er. the seed layer 
having a thickness of less than or equal to about 500 Angstromsj 

(b) «l>»ci°gtheult«-thinseedlayerbydeposi&^ 

enhanced seed layer, the enhanced seed layer having a flridmess at aD points 
on sidewalls of substantiaUy all «cessed featutes distrib«ed within the 
vrodcpiece that is equal to or greater than about 10% of the nominal seed 
laya-thicknessover an exteriorly disposed surface of the woriqnece. 



8- The process of claim 7 wherein the additional metal is 



capper. 



9. ^«P^««ofcIaim7wh«rein»heultn.thinseedlayerisenliancedb^ 
eowpnsing an elecnochetnfcal deposition step. 
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10. The process of claim 9 wherein the electrochemical deposition step occrj^ in an 
alkaline bath. 

1 1 . lUe process of claim 1 0 wherein the alkaline bath cwnpwes metal ions and an 
agent efifective in complBxing the metal ions. 

12. Tlieproceas of claim 7 wherein the uhra^ihinmetal seed layerfonnedm 
is fonned Iqr physical vapor deposition. 

13. The process of claim 7 wherein the ultra-diin metal seed I^er formed in step (a) 
has a thickness of about 50 to about 500 Angstroms. 

14. Xhepiocessofclaim 13 wherein the nhra^thinmetal layer fcnned in step (a) has 
a thickness of about 100 to about 250 Angsnoms, 

15. Theprocess of c]aim7wbereinthecon^lexi^B8g«ti8 comprised of one or 
= compleidl^ agents selected ftom EDTA, ED, and polycaiboxylic acid. 



naorei 



16. Tlie process of claim 1 1 wheion the complexing agent is comprised of EDTA 
and the EDTA in the bath has a concentration within the range of 0.03 to 1.0 M. 



. 10/10 /2003 09:05 FAX 6174394170 EDWARDS ANGELL 

WO 99/47731 

-32- 

17. The process of claim 1 5 wherein the complexing agent is comprised of ED and 
wherein the ED in the electrolytic bath has a concentration within the range of 
O.03toL0M. 

18. The process of claim 16 wherein the complexing agent is comprised of EDTA 
and the EDTA has a concexitration within the range of 0.1 to 0.4 M. 

19. The process of claim IS wherein the complexing agent is comprised of cinic acid 
and the citric acid in the bafh has a concentration within the range of 0,03 to LO 
M. 

20. The pxocess of claim 10 and ftffther comprising the step of subjecting (he 
woilqpiece to a fixrfher electrochemical deposition process in an acidic 
elecnolytic solution to complete deposition of the metal to a thickness needed 
for fbe fonnation of the interconnect stnictme. 

21. The process of claim 20 and finthw comprising the step of subjecting the 
woikpiece to a rinsing process after electrochemical deposition in the outhne 
bath and prior to the ihrther electrodiemical wppet deposition process in an 
acidic electrolyiic solution. 
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22. In a manuftcturii^ line includmg a plurality of apparatus for the manufacture of 
integrated circuits, one orraore apparanis of the plurality of apparatus being used 
fer applying a copper metallization interconnect structure to a smbco of a 
workpicce used to form the integrated circuits, the one or mor« appaialus 
Comprising; 

means fori^plyingaconductiveultr^thin seed layertoasuificeofthe woricpiece; 

means for electiochemically enhacing the conductive ultr^thin seed layer to render 
it suitable for subsequent electrochemical ^plication of the copper 
inteitonnect metallization to a piedeiemuned thickness representing a bulk 
portion of the copper intettonnect metallization structure. 

23 . One or more q,par«tts as claimed in claim 22 ^eidn the means for applying is 

ftrther defined by means for applying a conductive nltia-thin cemw 
to a barrier iByu sxaboe of the wor^iece. 

24. One or more apparatw as claimed in claim 22 wherein the means for applying is 
forther defined by means for ^plying aconductive uHra-thin copper seed layer 
toabamerlayersurfaceofthe workpiece using a PVD process. 
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25. One or more apparatus te claimed in daim 22 wherein the m 

iimhsr defined by means for applying a conductive ultm-thin copper seed layer 
to a barritt- layer sur&ce of the woriqpiece using a CVD process. 

26. Onie or more apparatus as claimed in claim 23 wherein the means for 
dectrocheorieally enhancing the conductive ultra-thin seed layer is fiiither 
defined by means for electrochemically enhancing the conducrive ultia-thin seed 
layer by electrochemically depositing copper using an alkaline copper bath 
having a compleadng agent 

27. One ormoie apparatus as churned in claim 26 whereb the elecirochemica] 
oilwncement of Ihe ultra^thin seed layer takes place at aplating voltage having a 
nugninide that is at least aboiu or greater than 1.1 volts. 

28. One or more appaiams as claimed in claim 26 wherein the alkaline bath has a pH 
> or equal to about 9.0. 

29. One ormore appatatus as chdmed m daim 26 wheiem the complexing agent is 
cQoqirised of EDTA. 
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30. Qae ormore ^aiatus as claimed in claim 26 wherein the complexing agent is 
comprised of ED. 

31 . One or more apparatus as claimed in claim 26 wherein the conqilexing agent is a 
conqirised of a caiboxylic add or salt thereof. 

32. One or more apparatus as claimed in claim 31 wherein the complexing agem is 
citrie add or salt thereof. 

33. One or more apparatus as claimed in claim 26 and further comprising means for 
electxochemicaUy adding a ftither layer ofcoppa- over the conductive ultra-ito 
seed layer by elcctnocheraically depositing copper using an acidic copper bath. 

34. One or more vpanttus as claimed in claim 33 wherein the electrochemical 
enhancemmt of the tikra-thin seed layer takes place at a plating voltage having a 
magnitude ibBt is greater than the magoitude of the plating voltage in the acidic 
copper bath. 
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35. One ormore apparatus as claimed in claim 34 md fiirther comprising means for 
rinsing the woikpiece prior to its introduction to the means for elecxrochemically 
adding a fiirther lay^ of copper. 

36. A process for applying a metallization int^ioonnBct stnacture to a workpiece, the 
workpiece including a barrier layer deposited on a surface thereof, the process 
coiiq>rising the steps of: 

(a) forming an ultra-thin metal seed layer on the barrier layer, the seed layer 
having a thickness of less than or equal to about 500 Angstroms; 

(b) subjecting the workpiece to an electrochemical copper deposition process m an 

alkaline electrolytic bath having copper ions coniplexed with a complexing 
agent such that additional copper is deposited on die ultxarthin copper seed 
lay er to there)>y enhance the seed layer. 

37. The process of claim 36 wherein the ultra-thin metal seed layer formed in step 
(a) is formed by physical vapor deposition. 

38. The process of claim 36 wherein the ultra-thm seed layer formed in step (a) has 
a thidcness of about SO to about 500 Angstroms. 



^10/10/2003 09:06 FAX 6174394170 EDWARDS ANGELL 121040 



WO 99/47731 PCT/US99/06306 



-37- 

39. The process of claim 38 wberem Ibe ultra-fbin seed layer farmed in step (a) has 
athickxiess of about 100 to about 250 Aogstroms. 

40. The process of claim 39 wherein the ultra-tfain seed layer foimed in step (a) has 
a tbidoiess of about 200 Angstroms. 

41. The process of daim 36 whoein the alkaline electrolytic bath has a pH of at Icasi 
9.0. 

42. The process of claim 36 wherein the copper ions in the electrolytic bath are 
provided by copper sulfate. 

43. The piocess of claim 42 wherein the copper sulfate in the electrolytic bath has a 
concentration within the range of 0.03 to 0.25 M. 

44. The piocess of claim 42 wherein die concentration of copper sulfate is about 0.1 

45. The process of claim 36 wherein the copp^ oomplexing agent is comprised of a 
copper complexmg agent selected from EDTA, ED» and citric add. 



,10/10/2003 09:06 FAX 61743S4170 



EDWARDS ANGELL 



0041 



WO 99/47731 PCTAJS99/06306 



-38- 

!. The process of claim 45 wherein the coraplenog agent is comprised of EDTA 
and the EDTA in the electrolytic bath has a concentration within the range of 
0.03 to 1.0 M. 



47. The process of claim 45 wherein tiie complexing agent is comprised of ED and 
the ED in the electrolytic bath has a concentration within the range of 0.03 to 1 ,0 



M. 



8. The process of claim 45 wherein the complexing agent is comprised of EDTA 
and the EDTA has a conceotratian within the range of 0. 1 to 0.4 M. 

h The process of claim 45 wheidn the complexing agent is comprised of cinic acid 
and the citric add in the electrolytic barh has a concentration within the range of 
0.03 to 1.0 M. 

I. The process of claim 49 wherein the citric acid has a concentration within ttie 
nngeof0.1to0.4M. 



. The process of claim 36 and fimher comprising the sup of subjecting Uie 
wotkpiece to a fbrther electrochemical copper deposition process in an acidic 
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electrolytic solution to conqilete deposition of the copper to a thickness needed 
for die fomiation of the copper interooimoct structure. 

52. Hie process of claim 51 and further comprising the step of subjecting the 
woi*piece to a finsiQg process after step (b) and prior to the fimher 
electrochemical copper deposition process in an acidic dectrolyiic solution. 

53. A woiiqiiece ootnpiising: 

a plurality of the recessed sttuciures distributed in a &ce of the worl^ece; 

an enhanced seed l^er having a thickness at all points on sidewalls of substantially 
aU recessed features distributed withm the workpiece that is equal to or 
greater than about 10% of the nomiiia] seed layer thickness over an 
oderiorly disposed surface of fte woHqiiece. 



i. A woricpieoe as claimed in claim 54 wherein the diickness of the sidewalls of 
substantialbr aD recessed features is equal to or greater tiian about 20%. 

!. A solution for electropktiiig copper, the solution comprising copper sul&te. 
ammonium sulfioe, and ethyl«ie glycol. 
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56- The solution of claim 55 and further comprising a complexing agent. 

57. A solution for electroplating copper, the solution comprising copper sulfete, 
boric acid, and a complexing agent. 

58. The solution of claim 57 wherein the complexing agent is selected from the 
group consisting of ED, EDTA, and a polycaiboxylic acid. 

59. The solution of cWm 57 whcrdn fbe complexing agent is citric acid. 
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